The Indian summer monsoon (ISM) and western North Pacific summer monsoon (WNPSM) are two subsystems of the Asian summer monsoon, and they exhibit different global teleconnection patterns. The enhanced ISM strengthens the South Asian high and Mascarene high, and the WNPSM excites a meridional tripolar wave train in the Northern Hemisphere and affects the Australian high in the Southern Hemisphere. To understand the dynamics behind these global teleconnections, especially the processes responsible for the cross-equatorial teleconnection, an intermediate model, describing a two-level troposphere and a steady planetary boundary layer (PBL), is linearized from the background horizontal wind field. The model results indicate that the ISM heating, located under the strong easterly vertical shear (VS) and close to the westerly jet in the Northern Hemisphere, can excite a barotropic Rossby wave that emanates northwestward and then propagates downstream along the westerly jet. Since the WNPSM heating is far away from the westerly jet over the North Pacific, it only excites a weak Rossby wave train, which cannot explain the meridional tripolar teleconnection associated with the WNPSM. It is found that both the ISM and WNPSM heating excite strong teleconnections in the Southern Hemisphere via an advection mechanism; that is, the background upper-level northerly winds can transport energy across the equator from the Northern Hemisphere summer monsoon to the Southern Hemisphere westerly jet. In addition, the PBL enhances monsoon teleconnections by trapping more energy in the upper troposphere. The elevated maximum monsoon heating also reinforces upper-level perturbations and enhances the teleconnection pattern.
Introduction
The Asian summer monsoon (ASM) variability has a global impact on the Northern Hemisphere circulation (Nitta 1987; Hoskins and Rodwell 1995; Rodwell and Hoskins 1996; Kripalani et al. 1997; Wang et al. 2001; Ding and Wang 2005, 2007; Lin 2009 ), as well as on the Southern Hemisphere circulation (Nitta 1989; Wang et al. 2001; Lin 2009 ). The ASM consists of two subsystems: the Indian summer monsoon (ISM) and the western North Pacific summer monsoon (WNPSM) (Wang and Fan 1999; Wang et al. 2001) , which are associated with the strong convection centered over the Bay of Bengal (Fig. 1a) and the South China Sea/ Philippine Sea, respectively (Fig. 1b) . These two subsystems have distinct teleconnection patterns (Wang et al. 2001 ). The strong ISM excites an enhanced upper-level Tibetan Plateau high and Mascarene high (Fig. 1a) , and the strong WNPSM excites a meridional tripolar wave train in the Northern Hemisphere and an upper-level Australian high (Fig. 1b) . It is not clear why these two subsystems have such different teleconnection patterns. In addition, it is necessary to find out why the ASM heating in the Northern Hemisphere can produce a Rossby wave source in the Southern Hemisphere that is far away from the monsoon region.
The tropical deep convective heating excites baroclinic Matsuno-Gill patterns that are trapped near the equator (Matsuno 1966; Gill 1980; Geisler 1981; Geisler and Stevens 1982; Silva Dias et al. 1983; Fulton and Schubert 1985; Davey and Gill 1987; Lee et al. 2009 ). The off-equatorial monsoon heating also excites equatorially asymmetric baroclinic Matsuno-Gill patterns that have strong cyclones near and to the west of the heating (Gill 1980) . Since the ASM heating is located under the strong upper-level easterly, in order for an equatorial heating to build its extratropical teleconnection, barotropic modes must be excited (Wang and Xie 1996; Lee et al. 2009 ). The vertical shear (VS) of mean winds is one of the mechanisms for generation of barotropic modes (Webster 1981 (Webster , 1982 Lim and Chang 1983, 1986; Kasahara and da Silva Dias 1986; Wang and Xie 1996; Majda and Biello 2003; Lee et al. 2009 ). In addition, Sardeshmukh and Hoskins (1988) proposed that the equatorial forcing in easterly winds can lead to a Rossby wave source in the subtropical westerlies.
In addition to the VS of mean winds, the planetary boundary layer (PBL) can also produce a barotropic mode (Lim and Chang 1983, 1986 ). However, their works were based on an f-plane model, in which motions are assumed to be meridionally invariable, so that neither equatorial waves nor midlatitude Rossby waves exist. The role of the PBL in the teleconnection associated with the ASM remains elusive.
The vertical heating distribution (VHD) associated with the tropical convection also affects the simulation of the extratropical teleconnection. Some models can simulate the convective responses to the tropical sea surface forcing, while these models can have poor performance in predicting extratropical responses. The paradox is attributable to the incorrect simulation of the vertical profile of the tropical convective heating (Michaels 2005) . The VHD seems to be fundamental in affecting the structure of forced responses. The deep convection associated with larger equivalent depth can enforce teleconnection far away from the forcing and excite stronger extratropical responses than the shallow heating (Ting and Sardeshmukh 1993; Wu et al. 2000) . So it is interesting to discuss the role of the VHD in the teleconnection of the ASM. Wang and Xie (1996) Wang et al. (2001).] mean flows. They found that the vertical wind shear can drastically change the Rossby wave response because it can couple the heat-induced baroclinic motion with barotropic wave motion, generating a barotropic response that establishes a tropical-extratropical teleconnection even in the presence of equatorial upper-level easterlies. On the other hand, the baroclinic component of Rossby wave remains trapped near the equator, but the Rossby waves have enhanced amplitudes in the lower (upper) troposphere under easterly (westerly) VS. This explains why Rossby waves are most unstable in the monsoon regions where easterly VS prevails.
In this work, we extend the Gill model in a similar matter. The two-level model of Wang and Xie (1997) and Wang (2000) has been used, but we add a steady PBL and also make the level depths variable to mimic different VHD. This intermediate model enables us to study the effects of the VS and PBL as well as the VHD on heating-induced circulations. Therefore, the present intermediate model provides a simple yet useful tool to study global atmospheric responses to the imposed tropical heat forcing.
The intermediate model is summarized in section 2, and section 3 presents the role of the VS, PBL, and VHD in coupling the baroclinic and barotropic modes. The global teleconnections of the ASM are discussed in section 4. This paper ends with a discussion in section 5.
Intermediate model a. Model equations
The model used here is an extension of the model for studying the low-frequency equatorial waves in the mean winds developed by Wang and Xie (1997) and Wang (2000) , and it can also be seen as an extension of the Gill model (Gill 1980) or its generalization (Zhang and Krishnamurti 1996) by including a PBL and variable elevation of the maximum heating. Details of the two-level model for the free troposphere are described in appendix A, and the PBL model is presented in appendix B. Equations (A2) and (A3) are not self-contained because the geopotential perturbation relies on arbitrary references. To solve this problem, many works studied the vorticity equation by neglecting the barotropic divergence. Here we add a barotropic PBL equation [Eq. (B2) ] to predict the geopotential perturbation of the PBL, which is assumed to be equal to that of the lower level.
b. Model limitations
This paper only discusses the linear processes relevant to the teleconnections of the ASM. The nonlinear processes between the perturbations and mean states need to be explored in the future works. Meanwhile, the flat lower-boundary condition used in this intermediate model neglects the topographic effects that influence the low-level monsoon inflow, and the blocking effect of the mountains on both the summer low-latitude easterlies and midlatitude westerlies are important (Rodwell and Hoskins 2001) . have also been included. This model is written in spherical coordinates and can be solved as an initial value problem. The finite difference method is adopted in both time and space. The time integration scheme is centrally differenced with a time step of 2.5 min and a time-average coefficient of 0.125. For instance, on step n, any variable A n can be calculated by
, where the subscript denotes the step number. Here A n * and A n11 * are calculated from A n21 by the forward difference method. The spatial resolution is 2.58 longitude by 2.58 latitude, and the model domain is from 82.58S to 82.58N. To calculate the geopotential perturbation of the PBL, the shooting method (Langer 1960, 243-255 ) is applied to solve the elliptic equations [see Eq. (B2)] at every calculation step. Sensitivity tests were performed by using some coarse spatial grid sizes and show that the results are not sensitive to the horizontal resolution.
The zonal boundary condition is periodic around the globe, and the fluxes of mass, momentum, and heat normal to the lateral boundary vanish. This lateral boundary condition cuts off the energy path to the polar region. For instance, in a solid-body rotation background flow, the forced response reaches only a half of the great circle ( Fig. 2i) , whereas with the meridional periodic condition the whole great circle is produced (Longuet-Higgins 1964) . In the present work, we focus on the teleconnection of the ASM, during which the mean westerly jet, acting as a waveguide (Branstator 2002) in the midlatitude, tends to trap Rossby waves in it. So the no-flux lateral boundary condition has a relatively small impact on the teleconnection associated with the ASM.
In the present model, the monsoon internal heating at the middle troposphere takes the form of
Unless otherwise mentioned, Q 0 5 2.58C day heating is used in Figs. 2, 3, 4, 5, and 11 for the idealized experiments. However, for the ISM heating, x 0 5 878E, y 0 5 188N, and L xx 5 158, and for the WNPSM heating, x 0 5 1358E and y 0 5 158N were used in Figs. 8, 9, 10, 12, and 13.) Sensitivity experiments show that the heating structure does not affect the result qualitatively. The strength of the heat forcing only affects the amplitude of the responses, and a slight change of the heating location does not produce significant differences in responses. The model parameters are listed in Table 1 . In the following experiments, the model output on day 40 is studied, when the model reaches a steady state.
3. Role of the VS, PBL, and VHD in coupling the baroclinic and barotropic modes
a. Role of the VS
To study the role of the VS, the same heating is located under nine sets of different horizontally uniform mean zonal winds (Fig. 2) , where the easterly VS changes to westerly VS from the bottom-right to top-left panels, the barotropic easterly changes to westerly from the bottom-left to top-right panels, and the VS vanishes in Figs. 2a,e,i. To represent the efficiency of the conversion from the baroclinic to barotropic mode, a ''conversion ratio'' is defined by the maximum amplitude of the barotropic versus baroclinic mode in perturbation geopotential (f 1 /f 2 ) or vorticity (z 1 /z 2 ). A large absolute value of the ratio means an efficient conversion from the baroclinic to barotropic mode. A positive (negative) ratio represents that the barotropic mode is in (out of) phase with the baroclinic mode, and correspondingly the energy will be trapped in the lower (upper) troposphere according to Eq. (A4).
The VS does yield significant barotropic modes (Fig. 2) , and the off-equatorial heating produces results similar to those of the equatorially symmetric heating (Wang and Xie 1996; Lee et al. 2009 ). These results are as follows: 1) The generating efficiency of barotropic modes increases with strong VS, represented by the large conversion ratio of geopotential or vorticity (Figs.  2c,g ). 2) The westerly VS traps the energy in the upper FIG. 5 . Role of the VHD in coupling the baroclinic and barotropic modes. As in Fig. 2 , except that contours denote the barotropic geopotential differences between the sensitivity experiment with a higher heating at 400 hPa and the control experiment with an original heating at 500 hPa.
troposphere, represented by the negative conversion ratios of geopotential perturbations from baroclinic to barotropic mode (Figs. 2d, g, h) , while the easterly VS traps the energy in the lower troposphere (Figs. 2b,c,f) , confirming the theory of Wang and Xie (1996) . 3) The VS favors coupling the vorticity, represented by the large conversion ratios of vorticity (Figs. 2c,g ). 4) The mean barotropic westerly winds are favorable for the teleconnection (Fig. 2h) , while the easterly winds play a destructive role in the teleconnection (Fig. 2b) , confirming the previous results (Hoskins and Karoly 1981; Lee et al. 2009 ). 5) The barotropic mode excited by the easterly VS can also propagate to high latitudes under the mean barotropic westerly winds (Fig. 2f) , which helps to explain how the monsoon heating produces its global teleconnection.
b. Role of the PBL
Because of the inclusion of the PBL, this model can produce a barotropic mode without the VS (Fig. 2e) . This barotropic response features a strong cyclone extending to the midlatitude, and its magnitude reaches 30% of the baroclinic mode. The barotropic mode is forced by the PBL divergence/Ekman pumping, whose structure is assumed to be the same but out of phase with that of the barotropic divergence. Usually, the barotropic divergence is trapped near the heat forcing (Fig. 3c) . Because of the increase of the Coriolis parameter with latitude, considerable barotropic vorticity is generated in the extratropics, forming a wave pattern that propagates poleward (Fig. 3d) . The coincidence of the extratropical barotropic vorticity (Fig. 3d ) and geopotential (Fig. 3b) perturbations reflects the dominant role of geostrophic vorticity balance in the extratropical responses.
Without mean winds, Figs. 3a and 3b show that the PBL produces out-of-phase barotropic mode with baroclinic mode, which means that the energy is trapped in the upper troposphere, as happens with the mean westerly VS (Fig. 2g) . Meanwhile, the barotropic mode forced by the PBL can also propagate to high latitudes under the mean barotropic westerly winds (Fig. 2i) .
The role of the PBL in coupling the barotropic and baroclinic modes can be represented by a sensitivity experiment with a deep PBL pressure depth of 150 hPa ( Fig. 4) . Compared to Fig. 2 , without VS or with westerly VS, a deep PBL enhances the barotropic response near the heating (Fig. 4) . Because the PBL produces an outof-phase barotropic response with that excited by the easterly VS (Figs. 2c and 3b) , the deep PBL weakens the negative barotropic responses near the heating under the easterly VS (Figs. 4b,c,f) . By Eq. (A4), the PBL always enhances the upper-level disturbances regardless of the background VS (not shown). Furthermore, the mean westerly winds that are important for the teleconnection prevail in the upper troposphere, and thus the enhanced upper-level disturbances associated with the PBL effect should have a strong teleconnection in the mean westerly winds.
c. Role of the VHD
The depth variation of this intermediate model allows us to study the role of the VHD in extratropical responses. The same experiments as in Fig. 2 are run, except that the heating is located at a high height of 400 hPa. Compared to Fig. 2, Fig. 5 exhibits that the elevation of the heat forcing will enhance the barotropic mode for all different VS. Although the lower-level perturbations have been suppressed (not shown), the upper-level perturbations are enhanced, so the global teleconnection in the upper-level mean westerly winds is also enhanced accordingly.
Teleconnection patterns associated with the ASM
The observed monthly mean background winds are obtained from the National Centers for Environmental Prediction (NCEP)-National Center for Atmospheric Research (NCAR) global reanalysis (Kalnay et al. 1996) . During the boreal summertime, the summer westerly jet along 408N is relatively weak and far away from the equator in the Northern Hemisphere, but the strong winter westerly jet is close to the equator in the Southern Hemisphere (Fig. 6a ). The strong upper-level easterly winds prevail over the tropical regions and produce strong easterly VS there (Fig. 6c) . Compared to the mean zonal winds, the mean meridional winds are relatively weak, with amplitude only about one-fifth of that of the mean zonal winds (Fig. 7) . In the tropics, northerly winds prevail in the upper level (Fig. 7a) , and southerly winds exist in the lower level (Fig. 7b) . In this intermediate model, to mimic the observed heating structures and amplitudes (Fig. 1) , a WNPSM heating with a standard structure and an ISM heating with a smaller zonal scale of L xx 5 158 are placed at the same locations as in Figs. 1b,a, respectively. The observed seasonal mean winds (Figs. 6 and 7) are used as the mean state, and the maximum heating is put at 500 hPa.
a. Teleconnection in the Northern Hemisphere
The upper-level circulations associated with the ASM are presented in Fig. 8 . The ISM heating excites a very similar response with the observation (Fig. 1a) , and a zonally oriented wave train appears in the Northern Hemisphere (Fig. 8a) . Probably because of the lack of the topography, the simulated Tibetan Plateau high shifts eastward compared to the observation (Fig. 1a) .
To understand the dynamics of the teleconnection associated with the ISM heating, we studied the responses of two different vertical modes. Since the baroclinic mode is trapped near the heating (Fig. 9a) , the extratropical teleconnection mainly comes from the barotropic mode (Fig. 9b) . Under the strong easterly VS, the ISM heating excites strong barotropic Rossby wave that emanates northwestward (Figs. 2c and 9b), which dissipates during the emanation without the role of mean westerly winds (Fig. 2c) . In boreal summer, the westerly jet prevails along 408N (Fig. 6a) , so the Rossby wave can grow and propagate downstream (Branstator 1983 (Branstator , 2002 Hoskins and Ambrizzi 1993) . This result shows that the ISM heating does contribute to the boreal summer circumglobal teleconnection found by Ding and Wang (2005, 2007) .
Different from the ISM, the WNPSM has an impact on the western coast of North America, while the teleconnection in the Northern Hemisphere is weak (Fig. 8b) , because the WNPSM heating is too far away from the background westerly jet. Lee et al. (2009) also showed that the heat forcing associated with the ENSO has weak teleconnection when it is far away from the westerly jet. In observation, the cooling associated with the WNPSM is located at the midlatitudes and has a smaller amplitude compared to the heating (Fig. 9a of Wang et al. 2001) . We assume that the cooling has the same structure as in Eq. (1), except that x 0 5 1308E, y 0 5 358N, and Q 0 5 2. 5/4 (8C day 21 ). In this intermediate model, when the midlatitude cooling associated with the WNPSM is included, our experiments show that it can excite a anticyclonic response in the lower troposphere (Fig. 10b ) that is consistent with the observation (Fig. 1b) . However, in the upper troposphere, the simulated midlatitude cyclone (Fig. 10a) is inconsistent with the observed anticyclone (Fig. 1b) . There have other potential factors for influencing the teleconnection pattern, such as the Tibetan Plateau effect that was missed in the model. Further investigation is required for explanation of the meridional barotropic teleconnection associated with the WNPSM.
b. Teleconnection in the Southern Hemisphere
The ASM heating also excites strong responses in the Southern Hemisphere (Fig. 8) . Like in the observation (Fig. 1a) , the ISM heating produces a strong Mascarene high (Fig. 8a) , and the WNPSM heating excites an Australian high, although the location is shifted to the west of Australia (Fig. 8b) . Since the ASM heating is far away from the westerly jet of the Southern Hemisphere, the teleconnection in the Southern Hemisphere should be very weak (Lee et al. 2009) . This is also shown in Fig. 2 ; for example, the disturbances are mainly trapped near the heating in the Northern Hemisphere. Thus, to have a strong teleconnection in the Southern Hemisphere, there must be a bridge that transfers the energy across the equatorial region against strong cumulus friction (Lin et al. 2008) .
During boreal summer, obvious meridional VS occurs in the equatorial region (Fig. 7c) , where southerly winds exist in the lower level (Fig. 7b) , while northerly winds prevail in the upper level (Fig. 7a) . We recall the patterns induced by the same heating under different horizontally uniform mean zonal winds (Fig. 2) , which cannot explain the Southern Hemisphere responses at all. Now we add in the mean wind field, additional horizontally uniform mean meridional winds of 25 and 15 m s 21 at the upper and lower level, respectively. The results are shown in Fig. 11 . Compared to Fig. 2 , the basic-state meridional winds do enhance the perturbations in the Southern Hemisphere, no matter whether under the westerly VS or easterly VS. After removing the lowerlevel mean meridional winds, results similar to Fig. 11 are obtained, while the lack of the upper-level mean meridional winds produces very weak perturbations in the Southern Hemisphere and presents similar patterns to Fig. 2 . These results reveal that the upper-level northerly winds play a critical role in advection of the energy from the top of the monsoon heating to the Southern Hemisphere and in producing a strong teleconnection there. To confirm this assertion, a sensitivity experiment in which meridional mean flows are excluded has been run, and the results are shown in Fig. 12 . Without the mean meridional winds, both the ISM and WNPSM heating excite strong teleconnection patterns in the Northern Hemisphere (Fig. 12) , but the Mascarene and Australian highs are too weak compared to Fig. 8 . This result is consistent with the work of Lin (2009) , in which he included the mean meridional winds and simulated strong Southern Hemisphere teleconnections associated with the ISM and WNPSM in a linear general climate model. For the WNPSM, because of the lack of the advection role of the mean meridional winds, the energy is trapped in the Northern Hemisphere, which can propagate to high latitudes in the mean westerly winds over the North Pacific and form a strong response there (Fig. 12b) .
Summary and discussion
The global teleconnections associated with two different Asian summer monsoon (ASM) subsystems, the Indian summer monsoon (ISM) and the western North Pacific summer monsoon (WNPSM), are found to be controlled by the mean-state winds. The ISM, characterized by major convection centered over the Bay of Bengal, is located under the strong easterly vertical shear (VS) (Figs. 1a and 6c) . Through the coupling effect of this easterly VS the barotropic mode can be effectively excited, which tends to emanate northwestward (Fig. 2c) . Since the ISM is close to the boreal summer westerly jet located near 408N, the Rossby wave response can propagate downstream in the westerly jet (Figs. 8a and  9b ). This means that the ISM does have important impacts on the circumglobal teleconnection as detected by Ding and Wang (2005, 2007) .
The WNPSM, characterized by a major convection centered over the Philippine Sea, is also located under the easterly VS, but far away from the summer westerly jet, so the WNPSM heating only generates a weak teleconnection in the Northern Hemisphere (Fig. 8b) and cannot fully explain the meridional tripolar teleconnection pattern detected in observations (Fig. 1b) .
Although far away from the Southern Hemisphere, the ASM produces a strong teleconnection in the Southern Hemisphere and affects the Mascarene and Australia highs (Wang et al. 2001) . The upper-level northerly winds have been demonstrated to play a critical role in transporting energy from the ASM region across the equator and producing strong responses in the westerly jet of the Southern Hemisphere.
In addition to the VS, the planetary boundary layer (PBL) also provides a process to couple the barotropic and baroclinic modes (Figs. 3 and 4) . To quantify the role of the PBL and vertical heating distribution (VHD), we compare the control experiment with a sensitivity experiment SE1 in which the PBL pressure depth is deeper (150 hPa), and with a sensitivity experiment SE2 in which the heating is higher (at 400 hPa). A ratio d is defined as the maximum geopotential amplitude of SE1 (or SE2) versus that of the corresponding control experiment with a PBL depth of 100 hPa and a heating at 500 hPa. The increase in the ratio, d 2 1, can be used to quantify the effect of the PBL depth (or elevated heating). To represent the roles of the PBL (or VHD) near and away from the monsoon heating, respectively, we further separate it into a local part and a teleconnection part, which are calculated from the amplitude ratio within or out of the circle that has a diameter of 208 longitude centered on the heat forcing. Although the PBL produces an out-of-phase barotropic mode with that produced by the easterly VS and damps the local negative barotropic responses near the heating (Figs. 4 and 13a) , the barotropic responses away from the heating are enhanced because the PBL will enhance the responses in the upper level (Figs. 4  and 13a) , where the prevailing mean westerly winds are favorable for the teleconnection. An elevated heat forcing can enhance the barotropic and the upper-level perturbations, as well as the global teleconnection of the ASM (Fig. 13b) . Because the higher heating tends to bring more energy to the upper troposphere, where the energy can propagate in the prevailing mean westerly winds, the VHD is important for modifying the teleconnection of the ASM. Although the ASM can have global teleconnections, its global responses are relatively weak compared to the The low-frequency motions in the free troposphere satisfy the following linearized primitive equations in a spherical p coordinate:
where c and l are the latitude and longitude; U and V the mean zonal and meridional winds; u, y, v, f, and T the zonal and meridional wind, vertical pressure velocity, geopotential, and temperature perturbations; « and m the Rayleigh friction and Newtonian cooling coefficients, respectively, and r the averaged radius of Earth. Because the equatorial region has much precipitation and then strong cumulus friction (Lin et al. 2008) , « is assumed to be damped poleward from « e with an e-folding scale of 158. Also, K is the horizontal momentum or thermal diffusion coefficient, S( p) the dry static stability parameter, R the gas constant of air, C p the specific heat at constant pressure, p the pressure, and Q the diabatic heating. The model structure is shown in Fig. A1 , where p m is the height where the monsoon heating occurs. The upper-level depth Dp 1 , lower-level depth Dp 2 , and PBL depth Dp b all can vary to study the role of the vertical heating distribution (VHD) and PBL. A two-level model can be established by writing the momentum and continuity equations at the upper-and lower-tropospheric level of p 1 and p 2 :
1 r 21 (V j u jc 1 y j U jc ) 2 2Vy j sinc 5 2«u j 1 K= 2 u j , › t y j 1 (r cosc) 21 (U j y jl 1 u j V jl ) 
where the subscript j denotes the upper ( j 5 1) or lower ( j 5 2) level, respectively. A rigid lid is assumed at the tropopause (i.e., v 0 5 0); v and v e are the vertical pressure velocity at the middle troposphere and the top of the PBL, respectively. 
APPENDIX B
PBL Equations
To determine the geopotential anomalies in Eq. (A1), a stationary barotropic PBL model is implemented into the two-level model. The effects of the PBL mean flows are negligible (Wang 2000) , and the PBL equations take the forms of where the subscript b denotes the PBL component. Also, p s 5 1000 hPa is the pressure on the model surface; E l and E c are the Rayleigh friction coefficients in the zonal and meridional directions, respectively. Diagnostic studies using observed monthly mean surface pressure and winds indicated that the Rayleigh friction coefficients should be anisotropic: E c is generally 2 or 3 times as large as E l (Deser 1993; Wang and Li 1994 
